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Combinatorial Methods for Advanced Materials 
Research & Development 

Dedicated to Professor Dr.Jng. Dieter Nemcimc on the occasion of his 65th birthday 




The applicability of combinalorial methoas in <Jeve\opliig 
advanced maierials is illustrated presenting four examples 
fnr rhe deposition and cliaracleri7.aiion of one- tind two-di- 
mensionally laterally graded coatings, which were depos- 
ited by means of (reactive) magnetron spuctenng and plaii- 
mo-enhanceH nheraical vapor deposition. To einphasize the 
advantages of combinatorial approaches, meiastable hard 
coalings like (Ti,Al)N and (Ti.Al,Hf)N respectively, as well 
as Gc-Sb-Te b;^sRH lilms for rewritable optical data stor- 
age were investigated with respect to the relations between 
s^iruciurc, composition, and the desired materials properties. 

Keywords: Corobinatorial materials synthesis; Magneci'on 
sputtering; Plasina-enhanced chemical vapor deposition; 
Metaatable hard ooflri-ngj;;: Phase change materials 

Kombinatorische Methoden zur Entwicklung 
furtschntOlclicr WerkatlvlTe 

Die Anwendbarkeit kombioatorischer Methoden fur die 
t;ncwicklung fonschrlitlidici Wcrk?itoffc wird lui viei: Bci- 
spielen zur Abscheidung und Charakterisierung cin- UDd 
zweldimcnstonal gradierter Schichten verdeutlichL Hierbei 
erfolgre die Abscheidung der Schichten swwuIjI inlttels (rc- 
aktivem) Magnetronsputtern als auch mittcls plasmaunier- 
stiitzter chemischer Gasphasenabscheidung, Um die Vor- 
teile kombinatorischer Ansatze herauszustcUcn, wuidcn 
anhand mctastabUer Haixstoff schichten wic (Ti,Al)N bzw. 
.(Ti,ALHf)N sowie Ge-Sb-Te-Schichten fiir wiederbes- 
chreibbarc optische Datenspeicher die Zusamraenhttnge 
zwiscbcn Stioiktur, Zusaramensetzung und gewiinschten 
Materialeisenschaften, wic z.B. OxidationsbcsiHndigkeit, 
Hiirte oder Phasenumwandlungsgeschwindigiceii, unter- 
sucht. 



1 IntroduclioEi 

Looking at nature, the observer scarcely realizes that even 
the most beauiiliil and most complicated achievements of 
nature (Pig. 1) nrp; ihc r«siilt of a persisting strugjjle between 
tlje competing species and that every progress in evolution 
is the result of a brutal algorithm based on mutation and se- 
lection. Thiii intei-pret avion of pvnliilinn, well known aS 
"Darwin's theory" [59Dar], has proven its clticiency from 



die very first beginning to the complexity of modern life 
and is Sdll i«i imsoing story of r.ucce.«. A. in many SCicni)- 
fic areas, materials scientists look with mtere^st at this sue 
cessful principle and try to adapt the technique ot producing 
a large number of vm iations and u subt;equcnt ev«lnation ot 
this ^'library" to materials science. 

Brst approaches to this so-called corabmatonai science 
were made in the eaily '905 by the pharmaceutical mdusuy 
and recenriy lo the screening of superconductive, magnc- 
torcsistam, and photoluminesccnt materials [99Jan]. In con- 
tra« to the complex maRking techniques and subsequent dit- 




Fig. 1 . 'Tlierc is grajideur m this view of life> with its scvcml powcrj. 
hatlufe been oriijlmilly tiT«,uch6d into a few fornifi (XV iTilo one; ano Utai. 
whilst this planet ha.s ijone cycling on according lo the D.'t«5d juw o 
gravity, from so simple a beginning endlcns ^<«^^^^^^:^^^^^^^ ^ 
most wondcrfti) have been* and are being, evolved tS9DarJ. 

fu«;ion treatments, which are usually used in combinatonal 
materials dcvelopmeni (Fig. 2) l99Jan], the composit't^f*' 
spread approach for materials development [69Saw. 98DOv, 
OlKyrl is much less established. In this approach, two or 
three material sources (i;.^;. xiiagnctron cachoder) are aa- 
justed to the sample under a defined angle (Fig. 3), resulting, 
in a film with a one^ or two-dimcnsionally graded compo^ . 
tion, in combination with an y.iialytical tcchmque with mun 
lateral resolution, a fast examination of the process winuo^ 
of thin films or coatings is possible. This approach has or " 
finally been sus^gesced by Hanak [70Haiil three dccflfit,. 
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Material A 



Material B 




Fig. 2. TVpical masJcing system for the depositioQ of a miitdiaLs !i- 

hfary. 

aero and has been called "multiple-sample concept", but it 
iook. until the late ^90s to incorporate his concept mio mod- 
em combinau)! lal approachoa to matenak discovery 

The present paper outlines the opportunities offered by the 
adaptation of combinatorial methods to advanced matenals 
development. For ttiis, foui: different invciiigations, all u^itig 
combmatoritil approaches transferred into both physical va- 
por deposition (PVD) and plasma-ctihanccd chemical vapor 
deposilion (FbCVD) (Fig. 4) tcdin.i4ucs, are discussed. 

2 Oxidation Resistance of Onc-Dimensionally 
Graded (Ti, .Al) IN ^ (Ti, Al) N PYD Cuatiuj;* 

2.1 Bxperi mental 

Metastablc. single-phase, polycry stall ine Ti,_xAlxN hard 
coatings were deposited on H.SS sLibsti'ates by reactive mag- 
netron ftpiit^ri'is. The siubj^trot<^ temperature was 100°C. 
the applied bias was -40 V. The argon prcssui'e was held at 
0,36 Pa, the nitrogen reactiye gas pressure at O H Pa, and 
the total Rpult-er power wfls ^00 W DC To produce coatinjrs 
with a lateral gradient in composition, a dual cathode ar- 
rangement was used. The two cathodes, equipped with alu- 
minum and ciianium targets, respectivt-.ly, were adjusted at 
a low angle to the surface. Additionally, a system of apcr-- 
tureu was mounied between the cathodes (Fig. 3a). 

OxidtiLion of the tilms wuk carried out in a high temi.wa^ 
turc SiC cube furnace. The oxidation conditions were: flow- 



tsltsiully yidtled layer 



ing synthetic air with pCN?.)^ 7.9x10 Pa and p(02) = 
2 l><10*Pa; oxidation temperature R15^C; oxjdation tmie 
I'h. The composition of the as-deposited films as well as 
of the oxidized coatings was determined by electron probe 
inieroan^ilysis (EPMA) in a Camcbax SX, 50 rnicroprobe. 

2.2 Results and Discussion 

The composition of the laterally graded coating as a func- 
tion of the position on the substrate is given in Fig. 5. Ob- 
viously, neither the oxygen nor che nitrogen conieni is sig- 
nificantly dependent on the lateral position. The average 
nitrogen content of die coating is about 46 at,%, whereas 
the oxygen content is appri>;«.imatcly 4 at.%. The luamum 
content of the coating decreases irora about 28 to 5 at.%, 
correlated to a simultaneous increase of the alummum con- 
tent from about 20 to 44 ai,%. 

In Fig 6 the total oxygen content of the oxidi^tedcoatmg 

is plotted as a fiinction of the substrate composition at the 
^sroAer 





Pig. 4. Schematic ]l!uslr3tiim of 
substrate position uud gas I'luw iil- 
side the PBCVD reaction cham- 
ber. 



corresponding point. Obvluu:>ly» an almo<5t linear correla- 
tion l>etwccn die oxygen content and thus the thickness of 
the oxidic scale and the MN content of the (Ti.Ai)N coatmg 
can be observed, l he scatter In die oxygen signal due to the 
foi-mation of microcracks occurs at a composition ol about 
TiuisMoTjN. This observation is in accordance with pre- 
vious investigations of the oxidation resistance of hcxa^^u- 
nal (Ti,Al)N films |97Cre]. 

3 Structure of Two-Dimcnsionally Graded 
(Ti,Alflf)N PVD Hard Coatings 

3.1 Experimental 

ATi- Al-Hf-N hard coating was deposited on a 2" silicon 
wafer by reactive DC magnetron sputtering. Prior to the 
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Fig. 3. BxpcrimcnCiU set-up for oi^c- and iwo-dimcn&ional coraposition-spreads. 
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Fig. 3. Compoamon of ihc as-deposiiL-J (TuAON coaling as a tunutio« 
of the posi tion on the subsiniLe. 

film riP.po.^iT!on, a thin Ccl < 10 n,m) Ti buffer layer was dc- 
posiiecl. The substrate temperature was 200 C, the. applied 
bias -40 V. the Ar pressure 0.36 Pa, and the sputter power 
300 W for r.'AC.h catbode. To enable lateral composiuonfcil 
gradient in the coating, a triple cathode arrangeiTient was 
used, i.e., adjusting the three cathodes, equipped with aki- 
mimani, dcanium ^nH hafnium targets, respccdvely, at a 
low angle to the surface. Addidonally, a system of apertures 
was mouDted between die cathodes (Fig. 3b). The nitrogen 

reactive- gtis prer.Rure was O.l 1 Pa 

The composuiori of the as-deposited films was deter- 
mined by EPMA. Structural analyses were performed in a 
Brukcr AXS DS cyfitcm equipped with u general area detec- 
tor diffraction system (GADDS) for fast structural map- 
ping. Acquisition dmc wu& 120 a per spcctrun>> the angle 
of incidence of the X-ray nouice was hftlH fixed at 10". ihe 
incident beam spot si7x was adjusted to 500 \xti\. Spectra 
were recorded in the 25*=* < 20 < 55^ range. For structural 
an<\ly!^cs, a 7><7 array within a rectangle of '^9.x'^2 mm 
was measured in the middle of the wafer (Fig. 7). The posi- 
tions of the three individual cathodcii with respect to the 
substrate position Eire inaeit^d into the figure. 

?>.2 Results and Discussion 

The composition of the laterally graded Ti-Al-Hf-N 
coating as a i:anction of the position on the substrate is given 
in Fig. 8. The compositional mappings were determined in 
an area of 32 x 32 mni^. Obviously, the nitrogen content of 
the coating does not significantly depend on die position 
on the substrate and varies between 50 and 54at.%. The 
aluminum content decreases from top to boicom combined 
with a simultaneous increase in titanium content* The haf- 
nium content of the coutmg decreases from left to right 
from values of about 14 ai:.% to zero. 

The crysiallographic structure of the tllms is ^^iveii in 
Fig, 9. Four sections have been chosen to illustrate the in- 
fluence of Che composition on die crystal lofiraphic structure 
of the lilnr». 

In die bottom right part of Pig. 9, die effect of aluminum 
addition to die T5N lattice is demonstrated. Widi increasing 
Al comeni the lattice parameter of the faee-ccntcrcd cubic 

B ! ordered unit cell decreases due to the incorporation of 
smaller Al atoms into the lattice. In addition, die texture of 
rhe film clianges significantly, resulting in a strong (200) 

1122 



Fig. 6. Total oxygcT, .oiUcut of the oxidized tTi,Al)N coaling as a 
funetiun nl'wihstratc composlliOrt. 

texture at positions 4 and 5, A funher incrctuie of the Al 
content resuUs in the formation of the hexagonal B4 struc- 
ture tjf A)N and a concurrent change in totture of the cubic 

^^ThK effect of W adOlttons into the cubic T.iN stnirt.irt is 
«jven in the bottom left figure. Due to the jncorporauon oi 
faigcr hafnium atoms into the sttucture, the lattice pata- 
inctcr increases frotn rlghi to lefi. SimuUaticously the wx- 
turc of the film changes from nearly uniextured to a (20U) 
texture and finally to a (111) texture. i^uf 
In the upper part of the figure, the Influciitc of si^gbt H 
additions to the hexagonal AW (right) and the effect ot A 
additions to the cubic structure of Hf-rich (Ti,Hf)N (leit) 
are given. Obviously. Hf additions to the hexagonal B4 
<;tructun: led not only to an increase of the lattice pani- 
mciers. but a]so to a significant change in texture of the hex- 
agonal phase, i.e., from distinctly (lUD-textured to iilu.ost 
untexturcd. However, aluminum additions to the B 1 ordcreo 
structure of Hf-rich (Ti,Hf)N led to an early formation ot a 
two-phase mixture of cubic and hexagonal phases in por- 
tion 3 and fmally to the single-phase B4 ordered Rinicture. 

4 MicTOhardness of Onc-Dimensionally Graded 
(Ti, Al) N => (Ti. Al) N PECVD Coatings 



4,1 Experimental 

(Ti,Al)N films have been deposited on higli-speed stec) 
(HSS) ty means of PECVD in a pulsed DC glow discharge 



Fifi. 7. ArfangrirriGiil of t^C 

eleiiicntul and stnicumil 
mapping on the Si wafer. 
Elemental mappinfis wtTL- 
carried ym wLtbin a 
32 X 32 nim^ nrca. The jJtniC' 
ture of the coatings was dc- 
urmincd in ihc same ufca 
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serted into the figure. 




Z, Mctallkd. 92 (2001) 



10 



10/31/2003 12:52 5402313946 VPI ILL PAGE 04 



90 



oi[ die A) 
B4 struc- 
thc cubic 

ructure is 
ication of 
ice paru- 
/ the tex" 

0 a (200) 

slight Mf 
:ecr ol' Al 
f)N (l^ft) 
gonal B4 
:ice pam- 
f the hex- 
ro almost 

1 ordered 
ation of a 
S in posi- 
tructure. 



ided 



lecd steel 
discharge 



.cnl of the 

.icuiral 
i wafer 
igs wcrti 

. The smic- 

uiie area 
. The posi- 
individoal 
pcci 10 xhc 
txrc in- 
ure. 



:200l) 10 



R OM cl a).: Combinatorial Methods tor Adviuiced Maierials Research & Developmeni 




40 


~ 46aL% 


3S 


- 40 


. -;-s;30 




















■■S - 10 





Al 



14 KS 

;; :..i2 - i4tii.% 

gga 10 it'*' 

b - A 37' 7b 

■■2 ~ 4 at% 



Hf 




ii4 


$4 S aL% 


S3.S 


- Wai.% 








- 53fii*i 




S2.5 ai% 












^ 51 aL«i 




SOSat% 





4D • 


<15 




W - 


4D al% 




30 - 






2ii • 


30ai.% 




7n . 


5fi fli % 




13 - 


20 aL^» 




1Q - 


IS at.% 




5 - 


10 at.% 




0 " 


5 aL% 



Tl 



10 



^0 



Pig. 8. Eilcmenral mapping of the (Ti, Al.HQN cootmg 
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Fig. 9, Four sections of the stmciural mapping 
Of the (TuAlHQN coating. The relative posi- 
liuus.uf Ujc Uiicc cathodes with respect co th« 
substrate arc also inserted into ihe figure. 
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Tabic I. LV.pnsition 



patamecen> for PECVD (Ti.-,Alx)N. 



To\i\\ pressure 
Siibsiraic lempcratura 
Pulse lime 
Pulsc/puiise ratio 
Flow micof TiCL 
Ayn ifij-iut iox'w 
H/Cl input ratio 
Ar conccntratioTi 



Tfible 2. Chemical composilicn of the coatings deposited ai 480 V 

di^Kargc voltage 



Di^fiince 
from 

inlet [mm! 



43 
LSI 




I'rom TiCU- Nz-Ar gaseous mixtures. Theex- 
jicruinciiuil set-up deccribod in detajJ plsftwherc l99Pral. 
AICI3 was gencraced in situ by the reaction ol "CI with 
99.99 % pure aluminum chip:i ai a temperature of 500 C. 
Afltsi ^liuding and poli-jhing, tho 15 cm long specimens 
were placed vertically in the middle of the cathode ol the 
pulsed DC plasma source with the bell of the vacuum cham- 
ber LWtiaj; iiH tliu anode. To obtain tx 5006 lateral gas Hi*itn- 
bution and yet a vertical gradient within the process cham- 
ber, a gas shower system was used (Fig. 4). The deposition 
paramecers urc HsLed iii Table 1. The cxpcrimente wore ear- 
ried out at discharge voltages of 430, 480 and 530 V at a 
constant precursor fiow rate. 

The morpliuloijy and the chcniiciil compo.-jition of the 
fihns were investigated by scanning electi'on microscopy 
(SEM) and cncrgy-dispersive X-ray analysis (EDX), re- 
speedvcly. The my stall ographic structure waa determined 
by grazing incidence X-ray diffraction (GIXRD) in a Sie- 
mens D 500 goniometer using 900 W Cu Ka radiaoon. 



Fig. n. Cross^scctiDiialmicrcgrflph^of the criJU)N filmdcpofiitddai 
TLunce Of 41 mm (a) and 151 ajrn (b) ^om the ga^^^^^^^^^ 
topography ol the film, taken at the same maemncation. IR laitiici 
ilie tipper tight comet of the fieures. 



4.2 Results and Discussion 

Due to the faster depletion of'i\Ck within the gas plmsc a. 
compared to AiCl^, the experimental set-up leads to tiiedL- 
position of metastiible (Ti,Al)N films with a composit|Qn»» 
gradient. To examine the change of the ciTstallograpiiic 
structure, diffraction patterns of the coatings were taken at 
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fig, 10. GlXRD panems of the (Ti,Al)N coating, deposited by 
PECVD at a discharge voltage of 480 V, at different distances from 

^ho gut: i nict. 

1124 
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distance Tfom gas inlet [mii ■] 

PC. 12. MicrohsTrfncss of (Ti. Al) N films. dcpasUed m g^;)! 
chu«e voltages, as a funcHon of ih« substrate to gus inlci <list^"'' 
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Fip.13. EPMAiwppme!^ of the laterally smdedOc-ISb-Ti film I. 

different distances trom the gas inlet. Fig. 10 shows ibe dif- 
fraciosiiiuii at four position on the samrile deposited at 
480 V. Up to a distance of 115 mm from the gas inlet the de- 
posited film remained single-phase cubic. Accordingly, the 
lattice paramctci of lUc facc-ccntered cubic unit r.p.ll nlmost 
linearly decreases with increasing At content, thus corre- 
<;ponding to Vegard's law. Larger distances resulted lo the 
formation of a two-phase tnlxturc o£ cubic and hexagonal 

(Ti,Al)N. , . „ 

The GIXRD analyses already indicated a strong intlu- 
cnce of the SUbsliaw t>osition on the lilin Rtructure. CrvTimv 
Quently, the moiphology and the chemical composition ot 
the coating deposited at a discbarge voltage of 480 V were 
dctcrmircd by SEM and EDX, respectively. The chemical 
composition of the deposited coating at different distances 
fioni the gas inlet is given in Table 2. The SEM images of 
cross-sections of the IilnK deposited m diitanccs ot 41 and 
151 mm are displayed in Fig. 11. Tn the upper right comer 



of each image. SEM images of the surface of the samples 
taken at the same magnification are inserted. The layer gi- 
ven in Fig. 1 1 a has a columnar siruciuic with gramo extend- 
ing from the interface to the surface, whereas the coatmg g.- 
ven in Pig. lib has a rather fine-grained morphology. The 
crowth of the crystallites wasi continuously imcimptcd by 
the nuclcalion of new grains. Obviously, (he surface of this 
coatins looks very similar to the morphology of the cross- 
sectional fracture. However, die surface morphology of U.e 
coating given in Pig. 1 1 a appears much smoother. 

The raicrohatdness of all specimen was •""^^"ff ^ at dil- 
fercnt locations within the reaction chamber (Fig. 12). w.th 
increasing distance from the gas inlet and thus with incrcas- 
ing aluminum content incorporated in the <;o«^'"S J^l^" 
ness increases. However, the dependence of the mlcrohaiU- 
ness on the Al content is not linear, as the highest values 
■Are observed for coatings obtained near the cathode, ex- 
hibiting a two-phase structure of cubic and hexagonal 



Table 3, Deposition paiacnciers of the films. Films I 



and 2 were deposited on Sit 1 1 1). Film 2 is muUilayer consisting of Aree sublay.:rs 



it, I), mid C. 




p(02)[Pa] 


p(Ar) fPa] 


PRFfWl • 












Film no. 


DepOHiLioa 
time [mini 




Si 


Al 


Ctc 


Sb 


Te 


2a 
2b 
2c 


40 

15 

. 5 


0,2 


1 

0.6 
0.6 
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300 


200 


7.8 
7.7 


4.4 
4.4 


6.9 
6.S 
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(a) crystaliizj 



Pig. H. Mapping of the ciystanizLvuon 

(Ti ADN and thus showing Ihe strong cohncctbn between 
Sirostrocture and hardness. An influence oi depo^^^^^^ 
panm^eters such Uischirgc voltage on the mirTOhardnebS 
is not obvious. 

5 Phase Change Velocity of Two-DiijiensiuttaUy 
Graded Ge-Sb-Tc Films for Rewritable 
Optical Data Storage 

5.1 Experimental 

CTe-iib- l.e films were Uc^iusitcd from separate Cj&, Sh. anH 
Te targcis on Si( 1 U) wafers md on Si(l 1 D/Al/SiO. main- 
layers in a magnetron sputtering system m which the catn- 
odcs were arranged as shown in Tig- 3b. The I'er.idual gus 
pressm-c of the system is less than lO"-' Pa. The mitltilayers 
were deposited in a Leybold L560 reactive magnetron iiput- 
tcring system prior lo the deposition <3c-Sb- fc. The de- 
position pai-ameters of the filmfi arc summarized in Table 3, 
EPMA elemental mappings aud line-scans wei-c earned 
out in a Camebax SX 50 mlcruprobc. The la^cr induced 
phase change from amoiphous to cry^^talliae Gc-Sb^Te 
films was studied in a ^Jtatic tester. In this set-up, the phase 
change material is heated by a laser dioUc beam. Additional 
information on the experimental set-up can be found else- 
where [99Cre.0OCrcJ. 

Depending on the laser power, the maienal l^ i;ithcr 
titinsfen-ed from amorphous to crystalline state, resulting 
in a change in reflectivity of about 20 or heated above 
the melting temperature and subsequently quenched back 
to The amorphous state. This transition from the crystalline 
to the amorphous phase is called the writing process, 
whereas the recrystaDlzation is called the erasing pj^css. 

5.2 Results; und Discn&^inn 

For quantitative analyses of the films EPMA element map- 
pings were earned out. Fig. 13 shows the EPMA mapping 
of a Ge-Sb-Te film with a lateral compositional gradient 
ol" up to 30 ai.% for each element around the ternary 
GejSbaTcj phase* wHieh is located near to the center of the 
wafer. 

Fig. 14 (left) shows a mapping of the crystallization time 
of film 1 . The mapping was pBrformcd in the same rectan- 
gular ai'ea of 20 x 20 mra* as given in the HPMA mappings. 
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X[mml 

(icfi) and iimc on the lutcmlly graded film 2 (riglu). 

Usin- a laser power of 5.3 mV^, the as-depo^ited ^morphons 
pSchSeS to the crystalline phas^ 
sition, i.e. lov. crystallization time (white color), corrc 
sponds with a composition close tc. ^^^^-^^^r-.v 

The writing process depends on a high cooling rato^ 
Thus a heat Jnk layer consisting of an aluminum film had 
^ilt^^^^ sample structure. A ^iO. P-^^^^^^^^ 

layer is also required to inhibit a contact ol ^^^^^^ 
Ge~Sh-Te Fig. 14 (right) shows a mapping of the wn«n, 

tical composition as film 1. FUm 2 was deposited on a inu i 
t^y 'i consisting of a AVSiO, ^tackmg on sUic- 

The mapping is the result of measureiTtents ^ f ^^^"^^^ 
area corresponding to the EPMA mappmg m Fifi 13^ Us ng 
al..er power of 9.3 mW. tbe film changed ttomm^^ 
line to the amorphous state. It was possible to a^tect a pbasr 
change on tlie whole saimple. However, in the J-angc ^ 
GcAtc. tha writing process is very slow caused by^J 
fast crystallization process, as shown m Fig._i4. To avo^o 
this influence a better heat sink would be suttieient. 

The mappings of rbp rrystalUzatjon time aS well as ol 
writin- time aixi plotted as a function of the correspondm^ 
Toripo^^^^^^ in 4. 15. Obviously, the ci^^^tallizati^^^^^^^^ 
hicrcascd from 220 and 500 n.. dcpendmfi on the compos^ 
tion, Whereas the writing time was between 20 a^^J^^^^^ 
The area with fast crystaUization tinne and yet ^^^w amor 
phi^ation time con-e.ponded with a composi on o 
GeoSb^Tes- With increasing distance from this cbem^^^ 
composition, the crystallizadon tinae increased at a simun 
neous dccrea-iic in amorphissation time- 

6 Conclusions 

These lour different investigations have dctnonstr^^^^^ 
• vast opportunities nf combinatorial methods ^PP^^^^J^^^^f 
terials development, thus leading to a :n^^'^^™45e re^ 
experiments that are necessary to obtain ^°«^Pf 
suite. A composition spread approach can f ^^'V/^^^^;^.. 
pushed for mTgneiron sputtering through the ad^^^^J, 
multiple cathodes. However, in this case combmator 
methods wore al.o adopted for PECVD P^ocesses^Co^i 
In to all four examples is the fact that c^^^^^^^^ 
properties, such as oxidation resistance, hardness o > 
chJngc velocity, can direirtly he correlated with the Sim 
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tare and composidon of the deposited filnris. Therefore, rhe 
combiDatorial approach appears to be a powerful and cost 

effltieiiL tool for the UovijlopiYicnt and optimization of new 

multicomponent functional materials. 
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